A high spatial resolution two color ͓CO 2 , = 10.6 m / Nd: YAG ͑Nd:YAG denotes neodymium-doped yttrium aluminum garnet͒, and = 1.064 m͔ expanded-beam multichannel heterodyne interferometer has been installed on the TJ-II stellarator. Careful design of the optical system has allowed complete control on the evolution of both Gaussian beams along the interferometer, as well as the evaluation and optimization of the spatial resolution to be expected in the measurements. Five CO 2 ͑measurement͒ channels and three Nd:YAG ͑vibration compensation͒ channels have been used to illuminate the plasma with a probe beam of 100 mm size. An optimum interpolation method has been applied to recover both interferometric phasefronts prior to mechanical vibration subtraction. The first results of the installed diagnostic are presented in this paper.
I. INTRODUCTION
Multichannel heterodyne laser interferometers are widely used to provide information on the electron density profiles in fusion plasmas both in stellarators 1 and tokamaks. 2 In the past years we have witnessed an increasing interest in the development of interferometric density profile measurement systems with high spatial resolution for short scale-length ͑ϳ1-5 mm͒ density fluctuation studies. 3 In all these systems, the mechanical vibration compensation appears as one of the main issues in order to obtain the required high spatial resolution, as the residual mechanical noise ͑un-compensated vibration͒ degrades the measurements. 1, 3 On the other hand, a systematic approach to the evaluation of the ultimate spatial resolution of these systems is needed in order to design diagnostics for the desired performances. 4 In this work, we describe the design, installation and first results of an expanded-beam CO 2 / Nd: YAG ͑YAG denotes yttrium aluminum garnet͒ heterodyne interferometer for the TJ-II stellarator ͑R=1.5 m, aϽ 0.2, B = 1 T͒ to perform high spatial resolution electronic density profile measurements. The interferometer has been designed in order to control the Gaussian characteristics of both wavelengths along the setup to obtain the desired spatial resolution. Optical design software, ZEMAX, is used for the optimization of the interferometer: Gaussian beam propagation through the port, the magnification and demagnification telescopic systems, and the study of aberrations. 5 The design of the diagnostic for the desired spatial resolution performance has involved an adequate choice of the demagnification system and the design of custom-made detector arrays ͑dimensions and separation between adjacent elements͒. The a priori determination of the spatial resolution of the design is based on the theory of Gaussian beams and the diffraction-limited criterion, 6 taking also into account the detectors characteristics. This systematic design, along with preliminary calibration studies 4 has led to an optical system with the desired performances.
A final step in the diagnostic design has involved the study of different reconstruction interpolation methods to retrieve the interferometric heterodyne phase profiles for each wavelength. Polinomic and spline interpolation methods have been evaluated, but the best results are obtained through the application of the Shannon-Whittaker sampling theorem, 7 that has already been applied in other multichannel interferometric schemes for studies on retrieving spatial phasefronts. 8 Optimum phasefronts reconstructions are the key to proper mechanical vibration cancellation along the complete wavefront as well as to obtain the line density integral profile with a high accuracy.
II. MULTICHANNEL HETERODYNE LASER INTERFEROMETRIC DIAGNOSTIC
A. Interferometer optical setup aid in the alignment of the system and also to separately study phenomena relevant to the interferometric diagnostics which is also an objective of this system, i.e., the influence of the speckle in the spatial resolution, diffraction due to apertures, and the refraction index variation associated to the ZnSe plasma access window heating.
CO 2 and Nd:YAG wavelengths pass through the acousto-optic modulators separating the input beams into a zeroth and first diffraction order beams with a 40 MHz separation frequency for CO 2 and 39.9 MHz for Nd:YAG. In both reference and measurement arms, the beams are magnified ϫ7 by a telescopic system that consists of a pair of convex and concave spherical mirrors. This fact causes decreases in the divergence for both wavelengths so that the probe beams increase insignificantly in size when propagating through the rest of the system. Next, the beams pass through a rectangular aperture of 10ϫ 100 mm 2 in order to shape the spot that illuminates the plasma. For this first campaign, the plasma access window ͑300 mm large͒ is shared with the already operational single channel system, 9 and the spot size that passes through the plasma has been kept to 100 mm. This elliptical probe beam is steered to the plasma access window by a periscope. This beam is reflected back by a large rectangular mirror located on the top of the port toward the periscope again. Then, the probe beam is demagnified ϫ3.5 by another pair of concave spherical mirrors. The reference arm is shaped and demagnified in the same way as the measurement arm. After this, both arms are steered to a beam splitter for recombination. The final sizes of the spots match the detector arrays dimensions ͑4 ϫ 35 mm 2 ͒. Table I shows the vertical sizes of the CO 2 and Nd:YAG beams for different points along the arms of the interferometer.
The beam sizes of each wavelength are measured with their corresponding array and with the help of a chopper.
Each array is placed on a manual linear translation stage. This setup allows the wavefront to be sampled using the 32 detector elements of the arrays, to fit the acquired samples a Gaussian profile and hence, to determine the radius of the 1 / e 2 contour, w͑z͒. The difference between experimental measurements and simulated values is around 1%. Furthermore, it is important to note that the actual dimensions of the beams along the diagnostics perfectly match the preliminary optical simulations validating the methodology for the diagnostics optical design.
B. Signal detection and multichannel phase detection system
Two linear arrays are used to measure both interferometric signals. The Nd:YAG signal is detected using a PIN array of 35 elements ͑4.4ϫ 0.9 mm 2 each one͒. The CO 2 detector array, a custom device designed with the collaboration of Vigo Systems is made up of 32 photovoltaic elements ͑3.3 ϫ 0.5 mm 2 ͒ with high responsivity that does not require biasing nor cooling for a compact multichannel detection system. Such an array is mounted on a butterfly package to obtain high bandwidth and low crosstalk between channels. The spacing between elements is 1 mm in both arrays. The output signals of the arrays are amplified and filtered by custom-made signal conditioning stages to obtain the signal levels required at the multichannel phase detector inputs. This signal conditioning involves several low noise amplifiers ͑for a total gain of 70 dB͒ and a bandpass filter with 20 MHz bandwidth. The multichannel phase detection system 4,10 is based on a field programmable gate array ͑FPGA͒.
III. EXPERIMENTAL RESULTS
The interferometric diagnostic described has already been installed in the TJ-II stellarator and it is scheduled to be operational during the last weeks of the 2010 Spring Campaign. The first tests on the complete system have involved validation of the spatial resolution for the current diagnostic studying the far field divergence of a truncated Gaussian beam. The estimated results for such interferometric system for TJ-II are 32 channels with a 4-5 mm chord lateral separation and line integral error measurements Ͻ10 17 m −2 . These results demonstrate both that the spatial resolution requirements for the diagnostics installed in the TJ-II are met and that the design methodology used is valid and could be used for the design of other high spatial resolution systems.
In a multichannel interferometric system, a correct mechanical vibration cancellation leads to a precise good determination of spatial resolution. As a consequence of this, the application of the ideal reconstruction algorithm will provide high accuracy when obtaining the line integral density profile. Validation of proper mechanical vibration subtraction for the installed system is done channel by channel along the complete phasefront of the interferometric system. In Fig. 2 , we show an example of the static performance of the system. In this figure we can see the output for both wavelengths ͑CO 2 : red line, Nd:YAG: blue line͒, and how both are able to track the vibrations of the system. In Fig. 3 , we show the residual error in the line-integrated electron density measurement associated to the uncompensated vibrations. These results anticipate an RMS error in the line integral measurement within the 1 ϫ 10 16 m −2 range, due to the uncompensated vibrations. Figure 3 shows the residual error in the cancellation process of the in line-integrated electron density units.
With the results shown above, we can conclude that the high spatial resolution multichannel system is ready for operation. The first electron density measurements are expected during the coming weeks once the interferometer phase detection system is finally integrated in the TJ-II stellarator diagnostic system. 
